During the Big Bang, 6 Li was synthesized via the 2 H(α, γ) 6 Li reaction. After almost 25 years of the failed attempts to measure the 2 H(α, γ) 6 Li reaction in the lab at the Big Bang energies, just recently the LUNA collaboration presented the first successful measurements at two different Big Bang energies [M. Anders et al., Phys. Rev. Lett. 113, 042501 (2014)]. In this paper we will discuss how to improve the accuracy of the direct experiment. To this end the photon's angular distribution is calculated in the potential model. It contains contributions from electric dipole and quadrupole transitions and their interference, which dramatically changes the photon's angular distribution. The calculated distributions at different Big Bang energies have a single peak at ∼ 50 • .
I. INTRODUCTION
measured in the vicinity of the first resonance 6 Li(3 + ) at the relative α−d energy E = 0.712
MeV and at higher energies. But no data were obtained at Big Bang energies, 30 E 400 keV. In [12] the astrophysical S 24 (E) factor was also measured only at the resonance energy, using in-beam spectroscopy.
In Ref. [13] for the first time, an attempt was made to measure the astrophysical factor at the Big Bang energies, using the Coulomb breakup of 6 Li at 26 MeV/A energy on a 208 Pb target. However, only an upper limit was established. The failure of this indirect attempt to measure the S 24 (E) astrophysical factor could be anticipated because the E1 transition, which usually dominates, is suppressed in the case under consideration: the effective charge for the dipole transition is very small owing to practically the same charge/mass ratio for α-particle and deuteron. Because the Coulomb dissociation cross section is dominated by the E2 transition, the obtained data may be considered only as an upper limit. After that, another unsuccessful attempt to measure the S 24 (E) factor ended with an upper limit S 24 (53 keV) < 2.0 × 10 −7 MeVb and a pessimistic conclusion that it would be impossible to measure directly S 24 (E) at Big Bang energies [14] .
The second attempt to use the indirect Coulomb dissociation technique was made in [15] , where the breakup of 6 Li ions at 150 MeV/A on a 208 Pb target was measured. However, in this case, the breakup was dominated by nuclear breakup, which overwhelmed the Coulomb breakup. Hence, no information about S 24 (E) was extracted from the analysis of the breakup data. Further, in Ref. [15] the astrophysical factor was calculated using a two-body potential model (see below). Finally, after almost 25 years of failed attempts to measure the 2 H(α, γ) 6 Li reaction at the Big Bang energies, just recently the LUNA collab-oration presented the first successful measurements at two different Big Bang energies [16] .
Definitely it is a remarkable achievement in the studies of Big Bang nucleosynthesis.
In this work we discuss the astrophysical 2 H(α, γ) 6 Li reaction within the framework of the potential approach and impact on experimental measurements. For the first time, we present the angular distribution of the photons emitted in this direct radiative capture. Although the photon differential cross section is being derived for the 2 H(α, γ) 6 Li process, it can be applied for any direct electric radiative capture reaction. The calculated angular distributions provide the best kinematics to be used in the measurement of the emitted photons, which differ from the one used in the LUNA experiment. Optimal kinematics will allow one to decrease significantly the uncertainty of direct measurements of the 2 H(α, γ) 6 Li process compared to the uncertainties in the LUNA experiment. By integrating the differential cross section over the photon solid angle, the total cross section and astrophysical factor of the direct radiative capture are derived. The calculations of the photon's angular distribution and astrophysical S 24 (E) factor are done in the potential model using the well determined asymptotic normalization coefficient for the virtual decay
abundance is presented.
II. PHOTON DIFFERENTIAL CROSS SECTIONS, TOTAL CROSS SECTIONS AND ASTROPHYSICAL S-FACTORS
A. Photon angular distribution in direct radiative capture
In this section the expression for the angular distribution of the photons emitted in the α(d, γ) 6 Li direct radiative capture is derived and further simplified in the subsequent section. This result can help to improve future experiments on this reaction by decreasing their uncertainties. Often photon angular distributions are not discussed in the papers dealing with measurements of the astrophysical factors. That is why we believe it is timely to do it. Besides by integrating the photon differential cross section over the photon's solid angle the total cross section and the astrophysical factor can be derived.
We consider the photon angular distribution taking into account the spin-orbit interaction in the initial state. Hence, the initial scattering wave function depends on the initial α − d relative orbital angular momentum l i , the channel spin s and the total angular momentum in the initial channel J i . In the case under consideration s = J d , where J d = 1 is the spin of the deuteron. The differential cross section of the emitted photons with momentum k γ and helicity λ = ±1 in the electromagnetic transition from the initial continuum state l i , s, J i to the final state l f , s, J f in the center-of-mass of 6 Li is given by
Here, A λ kγ (r) is the vector-potential of the photon with helicity λ and momentum k γ at coordinate r. The initial wave function is
ϕ(ζ i ) is the bound-state wave function of nucleus i with the set of the internal coordinates ζ i , which includes spin-isospin variables.
in the initial state, r α d is the radius-vector connecting the centers of mass of the α-particle and the deuteron, k is the initial α − d relative momentum related to the initial relative kinetic energy as E = k 2 /(2 µ α d ), where µ α d is the α − d reduced mass. The momentum of the emitted photon is k γ = (E + ε)/ and expressed in fm −1 , ε is the binding energy for the virtual decay 6 Li → α + d. The antisymmetrization between the nucleons of the α-particle and the deuteron is neglected. Note that all the kinematic factors defining the photon differential cross section including the spin-dependent factors will be recovered later.
We use the long wavelength approximation, which is valid for
is the effective α − d distance determined so that distances r ∼ R α d give the dominant contribution to the amplitude of the direct radiative capture. The long electromagnetic wavelength of the emitted radiation allows us to approximate the charge current density by the current density of the point-like α-particle and deuteron neglecting their internal structure:
is the momentum operator, We neglect here the spin contribution to the current density because below we consider only the electric transitions which are largely due to the charge current.
Now the overlap function of the bound-state wave functions of 6 Li, α-particle and deuteron can be introduced:
where 
is taken over all the internal coordinates ζ α and ζ d making the overlap function depending only on the radius-vector r α d .
In the peripheral region the radial overlap function is given by
where C l f sJ f is the asymptotic normalization coefficient (ANC) for the virtual decay overlap function is expressed in fm −3/2 . r 0 is the channel radius, which is selected so that at r α d > r 0 the nuclear interaction between the deuteron and α-particle is negligible.
The matrix element in (1) now can be rewritten as
To simplify further this matrix element we need to use the multipole expansion of the vector potential [17, 18] :
Here, e λ kγ is the unit polarization vector of the plane wave, which is orthogonal to the photon momentum k γ , A ekγ LM (r) and A mkγ LM (r) are the eletric and magnetic multipoles, correspondingly. In the system z k γ the helicity of the circularly polarized photon λ = ±1.
is the multipolarity of the transition. In Eq. (7) only the electric multipoles A e kγ L M (r) will be taken into account because for the reaction under consideration the contribution of the magnetic multipoles A m kγ L M (r) is negligible [19] . Following Ref. [17] , A e kγ L M (r) can be rewritten as
where YL LM (r) is the vector spherical harmonics [17, 18] and j L (k γ r) is the spherical Bessel function.
Now the matrix element (6) can be reduced to
In the long wavelength approximation
Hence, the lowest partial waves dominate and the term containing
Taking into account that [20] 
Integrating by parts and using the static current conservation
is the charge density operator, one gets
Here
is the electric static 2 L moment operator.
Thus the initial matrix element (6) containing A * λ kγ (r) after the multipole expansion and series of transformations is reduced to the matrix element, which is expressed in terms of the electric charge density operator. This is possible due to Siegert's theorem [21] . Equation (1) for the differential cross section of the electric transition takes the form
In the case under consideration the dominant contribution comes from the electric dipole (L = 1) and electric quadrupole (L = 2) transitions. Because the sum over multipoles L is incoherent the interference of the dipole and quadrupole amplitudes should be taken into account.
Integrating over r in Eq. (15) one getŝ
e Z ef f (L) is the effective charge for the electric transition of the multipolarity L, where
To derive Eq. (17) we took into account that
The improvement of the leading order of the long wavelength approximation leads to the replacement of r L α d in Eq. (17) by more refined expressions [22] . For the dipole transition r α d in Eq. (17) should be replaced by
and for the quadrupole transition r The initial scattering wave function with spin-orbit interaction is given by
It is assumed that the projection
and, hence, m s = M i . Then
The asymptotic behavior of the radial scattering wave function is taken in the form
and
are the incoming and outgoing spherical waves expressed in terms of the regular,
and singular, G l i (k, r α d ), Coulomb solutions of the radial Schrödinger equation. δ l i sJ i is the scattering phase shift.
Inserting Eqs (4) and (22) into the matrix element of Eq. (16) one finds that
When deriving Eq. (26) it was taken into account that χ sm s χ sms = δ m s ms and [20] dΩ
Now we are able to rewrite the expression for the photon differential cross section including all the kinematical factors. If the polarization of the initial and final nuclei (in the case under consideration deuteron and 6 Li) and of the photon are not measured then the differential cross section takes the form dσ dΩ = 1 4
Equation (29) can be further simplified taking into account that [23] m l f ms m l i
where
is the 6j-symbol [23] .
Then
Eq. (34) 
Then for the differential cross section for the reaction under consideration we get
Equations (34) and (36) are our first main result.
B. Total cross sections
The total cross sections can be obtained by integrating the above differential cross sections over the photon's solid angle. Integrating Eq. (34) keeps only the term
From l f 0 L 0 l i 0 follows that two subsequent l i can differ by 2. At astrophysically relevant energies only minimal l i dominate. Hence we can drop the sum over l i assuming that each l i is uniquely determined by L. Also
Taking into account the above results the total cross section reduces to
by taking L = 1 (L = 2).
The total cross section for the reaction under consideration takes the form (
Equations (40) and (41) are our second main result.
The astrophysical factor is determined by
Here, η i is the Coulomb parameter in the initial state of the radiative capture process.
Replacing σ(E) by σ Ei (E), where i = 1, 2, we get the astrophysical factors for the dipole (E1) and quadrupole (E2) transitions, correspondingly.
C. Potential model
The most important quantity in calculations of the radiative capture reactions is the
, which is expressed in terms of the the initial and final nuclear wave functions. Different approaches were used to calculate the radial matrix elements. The most frequent used potential approach was based on the pioneering works [24, 25] . In the potential approach the initial scattering wave function is a solution of the Schrödinger equation with the α − d potential, which can be found from the fitting experimental elastic scattering phase shifts in the corresponding partial waves (l i = 1, 2 in the case under consideration). The result is very sensitive to the choice of the final overlap function I l f s J f (r α d ). It was long ago recognized [26] that the 2 H(α, γ) 6 Li reaction is peripheral at astrophysically relevant energies, that is, the overall normalization of the astrophysical factor at Big Bang energies 30 E 400 keV is practically determined by the square of the ANC C l f sJ f .
In [27] the 6 Li bound-state wave function was calculated within the framework of the multi-cluster dynamic model. Projection of this bound-state wave function on the two-body channel α + d channel gives the overlap function with correct tail. The two-body potential model was used in [26] to calculate the astrophysical factors for the electric dipole and quadrupole transitions and the total S(E) factor at energies E ≤ 500 keV. In the two-body potential model the overlap function is replaced by the α − d bound-state wave function: 
where b nrl f sJ f is the single-particle ANC. The value of b nrl f sJ f depends on the adopted bound-state potential. The spectroscopic factor S nrl f sJ f reflects the fact that the overlap function is not an eigenfunction of any Hamiltonian and, hence, is not normalized to unity, in contrast to the bound-state wave function. Eq. (44) puts limitation on the spectroscopic factor for given b nrl f sJ f .
The bound-state Woods-Saxon potential should be adjusted to obtain the experimental α − d binding energy (well-depth procedure). However, there are infinite number of such potentials because there are three fitting parameters: geometrical parameters, radius and diffuseness, and the well depth. The final adjustment can be done using the spectroscopic factor. The two-body potential model was also used in [15] . To find the α − d boundstate wave function the Woods-Saxon potential was adjusted to fit the experimental swave elastic scattering phase shift and to reproduce the experimental α − d binding energy.
Since the experimental elastic scattering phase shift includes the many-body effects of the scattered nuclei, the same is true for the two-body potential, which fits the elastic scattering data. Hence, the spectroscopic factor in Eq. (44) should be set to S nrl f sJ f = 1. However, there is again infinite number of the Woods-Saxon potentials, which differ by the most crucial quantity -the ANC (the inverse scattering problem theorem by Gel'fand-LevitanMarchenko [28] ). The potential adopted in [15] was one of the infinite set of the phaseequivalent potentials with the ANC, which exceeds the experimental ANC [29] and ab initio calculations [30] by ≈ 18% . Hence, the normalization of the peripheral part of the S(E) factor calculated in [15] exceeded the correct one by ≈ 38%. All these questions about ambiguity of the two-body bound-state potentials were addressed in details in [31] .
The first full microscopic 6-body approach to calculate the final state 6 Li bound-state wave function was developed in [19] using the variational Monte Carlo method. The projection of the 6 Li on the two-body channel α+d has correct tail with the ANC close to the experimental one [29] . The calculated total S(E) factor is in a good agreement with direct measurements around 3 + resonance at E = 712 keV.
In hour work, to calculate the photon differential cross sections we used the potential model approach. To calculate the bound-state wave function, two different potentials were (43) the spectroscopic factor S 1011 = 0.72. This method is referred to as M 1. The second method is similar to the one described in [31] . In this method, referred to as M 2, the WoodsSaxon potential used in [15] was modified to generate the bound-state wave function with correct asymptotic behavior. In this case the spectroscopic factor is S 1011 = 1, that is, the overlap function I 011 (r α d ) and bound-state wave function ϕ 1011 (r α d ) do coincide at all radii.
Thus, both used overlap functions have the same asymptotic behavior being different in the internal region. In both methods the initial α − d scattering wave function is generated by the Woods-Saxon potential from [15] . Its parameters are adjusted to reproduce the experimental phase shifts in the partial waves l i = 1, 2: the radial parameter is r = 1.25 fm, diffuseness a = 0.65 fm, the depth of the potential 56.7 MeV. At l i = 2 this potential reproduces the 3 + resonance. To calculate the bound-state and scattering wave functions and the radial matrix elements we used the modified RADCAP code [32] .
III. PHOTON ANGULAR DISTRIBUTION IN DIRECT RADIATIVE CAPTURE
The calculated photon angular distributions for the 2 H(α, γ) 6 Li direct radiative capture using both methods, M 1 and M 2, are shown in Fig 1 for 4 different Big Bang energies, E = 70, 100, 200 and 400 keV. As one can see, the dipole differential cross section has the peak at 90
• . The quadrupole transition has two peaks, at 45
• and 135
• . However their interference dramatically changes the angular distribution generating one peak at ≈ 50 • .
Note that the exact location of the peak slightly depends on the energy. These calculations provide a recipe for the best experimental kinematics. Note that in the experiment performed by LUNA [16] the germanium detector was placed at a 90
• angle with respect to the ion beam direction. At this angle the differential cross section is significantly smaller than at the peak value at ≈ 50 • .
Another important conclusion is that both methods, M 1 and M 2, give practically indistinguishable results confirming that at low energies the reaction 2 H(α, γ) 6 Li is completely Note that the calculations from [33] and [15] at Big Bang energies are higher then presented here. For example, at 70 keV, which is the most effective Big Bang energy, S 24 (70keV) = 4.0 MeV nb [33] , S 24 (70keV) = 3.16 MeV nb [15] and the present result is S 24 (70keV) = 2.58 MeV nb. The insert in Fig. 2 shows the difference between different calculations of the S 24 (E) factors in the Big Bang energy interval. At higher energies calculations from [33] reproduce the data quite well while the results from [15] are systematically data from Ref. [13] ; black crosses are data from Ref. [12] ; black triangles are data from Ref. [11] .
Two blue boxes are the LUNA experimental data reported at E = 94 and 134 keV [16] shown together with their uncertainties. The purple dashed-dotted line is the S 24 (E) astrophysical factor from Ref. [33] . The black dashed-dotted line is the S 24 (E) factor from Ref. [15] . higher than the data before and after the resonance.
The accuracy of the long wavelength approximation in the case under consideration is quite high: a replacement of r L in the integrand of the radial matrix elements (27) by O 1 (r), Eq. (19), for L = 1 and O 2 (r), Eq. (20), for L = 2 changes the astrophysical factor by only ≈ 1%. Note that two data points obtained by LUNA were extrapolated in [16] to other energies using calculations in [31] . The calculations in this paper using the method M 2 are similar to calculations from [31] but performed with a different, more accurate code [32] .
Hence the reaction rates calculated here and in [16] also agree. These reaction rates are significantly lower than the adopted reaction rate from [34] and systematically lower than the reaction rate adopted by NACRE [35] . For example, at T 9 = 1, which corresponds to E = 86.2 keV, the adopted NACRE reaction rate exceeds the calculated one in [31] [16] which is 34%
lower than the abundance given in [34] .
In the latest comprehensive analysis of the Big Bang nucleosynthesis the primordial abundance of 6 Li was determined to be 6 Li/H = (0.90 − 1.77) × 10 −14 ( Planck baryon-to-photon ratio was adopted) [6] and 6 Li/H = (1.23 − 1.32) × 10 −14 (WMAP baryon-to-photon ratio was taken into account) [37] . As we see, the central values of both results are twice as high as LUNA and present estimations. In both works [6, 37] the nuclear reaction rate from [15] was used claiming that this reaction rate was obtained from the 6 Li Coulomb breakup.
However, it was clearly stated in [15] that the attempt to determine the S 24 (E) factor from the Coulomb breakup failed and that a potential two-body model was used to calculate S 24 (E), which turns out to be ∼ 30% higher than our and LUNA astrophysical factors [31] because a too large value of the ANC was used in [15] . Hence, the second claim in [6] that the calculated astrophysical factor in [15] and experimental LUNA astrophysical factor [16] "agree well" is also questionable and one of the reasons of high values of the 6 Li primordial abundance obtained in [6, 37] is that the adopted reaction rates for the 2 H(α, γ) 6 Li were based on results from [15] .
Thus, by now the primordial abundance of 6 Li has been established quite accurately.
Taking into account the latest estimate of the 7 Li abundance 7 Li/H = (5.1 ± 0.4) × 10
obtained from the most recent data on the 3 He(α, γ) 7 Be reaction rate [38] [39] [40] , the resulting isotopic ratio is 6 Li/ 7 Li = (1.5 ± 0.3) × 10 −5 [16] . This isotopic ratio is also the result of the present paper. The obtained from the LUNA experiment and indirect ANC method the Big Bang lithium isotopic ratio is lower than the previous estimates: 2.3 × 10 −5 [37] and (2 − 3.3) × 10 −5 [6] . However, invoking the reaction rate following from the present paper (or from [31] ) and [16] will bring the result obtained in [6, 37] closer to our and LUNA estimations.
The established primordial lithium isotopic ratio is by three orders of magnitude lower then the upper limit determined from the lithium observational data in poor-metal, warm dwarf stars what constitutes the second lithium puzzle. However, the recent publication in
Ref. [10] brings a hope that improving the accuracy of the observational 6 Li data can resolve this puzzle without involving non-standard physics.
VI. SUMMARY
The analysis of the primordial 2 H(α, γ) 6 Li reaction is presented. First, the general expression for the angular distribution of the photons and specifically for the reaction under consideration is derived. After that the expressions for the total cross sections for the electric dipole and quadrupole transitions are obtained. The calculated photon's angular distribution, which takes into account the electric dipole and quadrupole transitions and their interference, exhibits the peak at ≈ 50
• . It provides a recipe for the best experimental kinematics. Note that at the first direct measurements performed by LUNA [21] , the germanium detector was placed at a 90
• angle with respect to the ion beam direction, at which the cross section is significantly smaller than at the peak value. New measurements with a better geometry can significantly improve the accuracy of the data. Also the experimental and calculated S 24 (E) astrophysical factors are presented. Nice agreement between the LUNA data at two Big Bang energies and the potential model calculations based on the ANC proves the power of the ANC method.
The obtained primordial lithium isotopic ratio in [16] and here 6 Li/ 7 Li = (1.5±0.3)×10
−5
is a very important result in understanding of the second lithium problem. In resolving this puzzle one needs to reconcile both the Big Bang model prediction of the lithium isotopic ratio and the observational data or to explain their three orders of magnitude difference.
The better the accuracy of the Big Bang Li isotopes abundance prediction and the better the agreement with the observational data, the less there will be room for speculations. The results published by LUNA and in this work,
